Lessons learned

NAP4
The 2011 4th National Audit Project (NAP4) of the Royal College of Anaesthetists and the Difficult Airway Society investigated major complications of airway management in the United Kingdom. More than one-third of cases detailed in NAP4 involved an airway problem in association with an acute or chronic disease process in the head, neck, or trachea. 1 Approximately 70% of these patients presented with airway obstruction, with the majority requiring either anaesthesia for diagnostic and resective surgery or intervention to maintain airway patency. Expert reviewers considered airway management to have been poor in many of these reported cases, with inadequate patient assessment, planning, and team communication repeatedly cited failings. Recurring themes included airway deterioration following inhalational induction and repeated failure in direct laryngoscopy attempts.
Major complications of high-pressure source ventilation
A 2008 national survey exploring major complications during anaesthesia for elective laryngeal surgery in the United Kingdom found that this type of surgery was being performed in 62% of responding hospitals. 2 Across these sites, 67% were using high-pressure source ventilation (HPSV) with supraglottic, subglottic, and transtracheal routes being chosen by 86, 50, and
Key points
• Providing anaesthesia for surgery to the larynx and trachea is associated with a higher risk of airway complications and a need for skills in a variety of specialist techniques.
• A team approach with open communication optimizes outcome.
• Tubeless field anaesthesia can be provided in a variety of ways and the techniques used should form part of the agreed team strategy for airway management.
• Jet ventilation may be used to optimize surgical access, but familiarity with all aspects of its utilization and safety is essential.
• Anaesthesia for laser airway surgery involves specific equipment and the whole theatre team must be mindful of laser safety. 35%, respectively. Complications were evenly spread between these routes and included pneumothorax, surgical emphysema, pneumomediastinum, hypoxia, hypercapnia, ventilation difficulty, high-dependency unit/intensive care unit admission and death. Many hospital sites were using cannulae not specifically designed for use in transtracheal access, which can increase these risks. Overall complication rates were reduced in those centres performing HPSV more frequently. 2 Only 17% of those utilizing HPSV were using an automated high-frequency jet ventilator, with the remainder using manual injector ventilation (e.g. Manujet or Sanders-type injector). The vast majority of complications occurred in centres using these manual modes, with the use of automated devices having the potential to prevent or mitigate the impact of pressure-related injuries. 2 
Preoperative planning
Planning should focus on identifying the right place, timing, and personnel needed to produce a step-wise strategy of primary and backup plans, ensuring equipment and staff are prepared before starting the case.
Place
Owing to the specific requirements of laryngo-tracheal surgery and the potential for loss of airway control, it is advantageous to commence anaesthesia on the theatre table rather than in the anaesthetic room where access to other team members and their equipment is often inferior. This is particularly true when a rescue surgical airway is part of the airway management strategy. Similarly, when a tubeless field technique is required, limiting patient stimulation and movement can minimize complications including airway obstruction. Planning the theatre layout, potentially with complex surgical and anaesthetic equipment, is recommended when employing advanced airway techniques.
Timing
Patient factors and optimization
Adult patients presenting for laryngo-tracheal surgery are often elderly with a prolonged history of smoking and alcohol and associated co-morbid sequelae. Medical optimization may be beneficial. A younger generation of patients is also emerging, including those with associated gastro-oesophageal reflux secondary to body habitus and lifestyle; those with complications of childhood airway trauma (including paediatric critical care intubation and tracheostomy 3 ); those with congenital or idiopathic vasculitic disease (e.g. granulomatosis with polyangiitis); and those with human papilloma virus-associated head and neck malignancy. Patients often return for multiple, staged, or escalating procedures and delivering continuity in their anaesthetic management is important. Patients present with a huge variety of symptoms and signs that are not always in keeping with the severity of their pathology. Despite the critical nature of the airway narrowing and limited reserve, stridor and respiratory distress may not be present at rest in chronic obstruction due to adaptation of the respiratory system to the narrowing orifice. In the acute emergency presentation, optimization of the stridulous airway with preoperative steroids, nebulized adrenaline, beta agonists and anti-sialogogues may provide temporary stabilization before the airway is safely secured. Although Heliox can reduce the work of breathing by decreasing turbulent flow and airway resistance in upper airway obstruction, its practical use is limited in the acutely hypoxaemic patient because of the reduced concentration of delivered oxygen. The potential benefits of combined oxygenation and decreased work of breathing are emerging with the use of high-flow nasal cannula.
Assessment and investigation
Familiarity with the tools of airway assessment is imperative for anaesthetists. 4 Reviewing recent radiological scans with the surgeon is beneficial, with availability often dictated by the ability of the patient to tolerate lying flat. These are often computed tomography scans demonstrating a static depiction of the airway in the supine position (the degree of airway narrowing may be affected by posture). Computer software now exists allowing these images to be translated into a virtual endoscopic video, providing the anaesthetist with a more familiar visualization of airway abnormalities. 5 Flexible nasendoscopy, however, remains the gold standard dynamic assessment of the preoperative airway. It should be noted that nasendoscopic images taken in surgical clinics will typically be filed in a patient's notes orientated with the posterior glottis superiorly. While clinic images may be useful, repeating the dynamic nasendoscopy process immediately prior to surgery is often prudent for valuable up-to-date information. NAP4 stressed the need for the anaesthetist to have a clear idea of the degree, type, and level of any airway narrowing before starting. 1 Although nasendoscopy provides this information, it does not inform the clinician how the airway will react to general anaesthesia (GA). An ability to view the glottis endoscopically does not always equate to an ability to ventilate or obtain a similar laryngoscopic view under GA. New techniques for imaging the airway using ultrasound can include identification and marking of the cricothyroid membrane in anticipation of rescue techniques or pre-emptive placement of a cricothyroid cannula.
Personnel
Selection of adequately trained and experienced staff, and team communication between the anaesthetic, surgical, theatre teams, and patient with respect to pre-, intra-and postoperative decision making are fundamental to selecting and executing a successful approach.
Strategy
A team approach will optimize performance and limit erroragreeing requirements for safe, effective surgery and considering potential difficulties before they arise. There are several ways to provide anaesthesia for surgery to the larynx and trachea, with decision making dependent on the surgical procedure to be undertaken (Table 1) , patient factors, and other surgical considerations. These include the level of the lesion, the access required to the operative site, and the use of lasers.
Approach to the airway
Conventional tracheal intubation with a narrow-bore microlaryngeal tube (MLT), flexometallic (reinforced) or laserresistant tube, and conventional assisted ventilation is performed for most patients undergoing laryngeal surgery. The MLT (Mallinckrodt TM , Covidien Inc.: Dublin, Ireland) is available in sizes down to 4.0 mm, with preserved adult length (31 cm). An endotracheal tube (ETT) provides the most secure airway for Anaesthesia for laryngo-tracheal surgery patency and protection from aspiration. Conventional ventilation via narrower ETTs will generate higher driving pressures and lower I:E ratios are often necessary to allow complete expiration. However, on occasion, alternative approaches are required as a result of anatomical difficulty or limitations to surgical access caused by the tube itself (Fig. 1A) . A risk-benefit analysis of patient and surgical factors is often required to decide the optimal approach. Management of the airway in patients with pharyngeal and laryngeal pathology can be significantly challenging due to the disease itself or as a result of previous surgery or radiotherapy. Awake fibreoptic intubation (AFOI) may be a preferred technique, but in cases of airway compromise it should be performed only by experienced operators. Primary awake surgical tracheostomy performed under local anaesthesia is historically the gold standard technique in patients with severe airway compromise. This is reliant on a relatively compliant patient (required to lie flat, extend their head, and tolerate tracheal manipulation, all of which may exacerbate respiratory distress) and has complication rates as high as 30%. 6 Additionally, contemporary ENT surgeons may not be experienced or expeditious in this technique due to infrequent exposure in the emergency situation and the rise in percutaneous tracheostomies being carried out by critical care clinicians. In the acutely hypoxaemic patient with airway obstruction, surgeons should be instructed to undertake surgical cricothyroidotomy rather than tracheostomy for emergency front of neck access as this approach takes considerably less time to perform.
Awake videolaryngoscopy
Intubation of patients with peri-laryngeal pathology via an awake fibreoptic approach is not without complication 1 and may be quite unpleasant for patients with a narrowed airway due to the 'cork in bottle' phenomenon, where the fibrescope passage precipitates complete airway occlusion. Although securing the airway under GA is appropriate in most patients, there are those in whom such an approach would be unwise, primarily because of the risk of complete upper airway obstruction on induction. An alternative to awake tracheostomy or AFOI gaining exposure recently is awake videolaryngoscopyassisted intubation 7 (see Online video 1). Hyper-angulated devices provide access to the larynx without significant laryngoscopic force, create an airspace, allow a wide-angled view, and provide visualized and atraumatic ETT passage rather than blind railroading. Generally, the procedure is well tolerated with anxiolysis, analgesia, and local anaesthesia (LA) delivered via a technique similar to that for AFOI, although 
Tubeless field
On occasion, the surgeon will request a tubeless field to improve access to the larynx or trachea. This can be achieved with the use of a very narrow tube or no tube at all. These approaches rely on oxygenation via HPSV, by maintenance of spontaneous ventilation, or via apnoeic oxygenation.
Jet ventilation/HPSV
The history, physiology, and types of jet ventilation were summarized by Evans et al. 8 in a previous CEACCP review. With respect to laryngo-tracheal surgery, it is important to delineate between the use of manual jet ventilation and automated highfrequency jet ventilation (HFJV), which are both methods of HPSV. Morbidity and mortality secondary to barotrauma is well documented, 1,2,9 and caution must be exercised to avoid gas trapping by ensuring sufficient outflow. Manual jet ventilation can be provided via a Sanders-type injector (providing a 4 atm fixed pressure) or the Manujet device (VBM-Medical; providing a more controlled pressure of 0-4 atm, Fig. 2A) . Ideally, the lowest driving pressure should be initiated to limit pressure-related complications. These devices lack airway pressure and end-tidal carbon dioxide (ETCO 2 ) monitoring and, being human-activated, can contribute to an increased risk of barotrauma. Arguably, automated devices, such as the Mistral or Monsoon (Acutronic Medical Systems), are superior as they include a range of safety features along with tight fraction of inspired oxygen (FiO 2 ) control and potential for humidification. ETCO 2 can be measured via a side port (Fig. 2D and E), facilitating alterations in driving pressures or frequency accordingly. The airway pressure during and in between ventilated breaths is also measured and there is automatic cessation of further ventilation if these values are in excess of set limits (Fig. 2G) as occurs if the upper airway becomes obstructed.
Jet ventilation can be delivered via a variety of routes:
Supraglottic
The supraglottic approach allows a fully tubeless surgical field and can be provided via a rigid surgical bronchoscope with jet ventilator attachment. This technique requires the surgeon to maintain airway patency whilst concurrently operating, with the quality of ventilation provided dependent on an ability to align the jet with the airway. Safety features of automated HFJV, including airway pressure and adequate ETCO 2 monitoring, are not reliably measured using this route. An adverse pressure gradient can be created by a combination of the reflected jet stream gas from the narrowed glottis and entrainment of air via the Venturi effect (the glottis acting as a constriction). This can lead to rapid increases in airway pressures impeding expiratory flow. Unless skilled in this technique, caution should be taken in patients with small diameter stenoses, where excessive gas trapping could occur.
Transglottic
Ventilation below the glottis minimizes vocal cord displacement and can drive blood and debris outwards with the expiratory flow of air rather than into the tracheo-bronchial tree. 10 There is minimal entrainment of air allowing a consistently delivered FiO 2 . Airway pressures and ETCO 2 can be monitored via a secondary lumen, with reduced impedence to expired gases using specialized transglottic catheters. This includes the Hunsaker Mon-Jet (Medtronic), which is composed of fluoroplastic non-flammable laser-resistant material. It has a distal basket designed to maintain the position of the tube centrally within the trachea during jet ventilation to minimize the risk of mucosal trauma (Fig. 2D) . The basket itself can be traumatic, and rarely shear off laryngeal lesions risking seeding of viral or malignant disease into the tracheo-bronchial tree.
Although usually straightforward, videolaryngoscopy may aid insertion of the distal basket and lessen the risk of trauma. 10, 11 Laserjet (Acutronic Medical Systems) is an alternative doublelumen laser-resistant transglottic ventilation catheter with an atraumatic rounded tip and no basket, arguably making it easier to insert through the glottis, but less protective of tracheal mucosa (Fig. 2E ). Both catheters are narrow bore with external diameters of 4.3 and 3.4 mm, respectively. Despite this small diameter they can potentially hinder surgical access to the posterior larynx and subglottis (Fig. 1B) .
Transtracheal
Both the supraglottic and transglottic routes rely inherently on adequate and unimpeded oral access to the glottis. In patients with predicted intubation difficulty, as a result of poor laryngoscopic access or due to glottic pathology, the transtracheal approach may be preferable. A cricothyroid cannula, such as a Ravussin (VBM- Medical Fig. 2B ), can be sited under GA or in the awake patient. Concerns have been raised regarding the use of this technique in elective surgery: a large 10-year institutional retrospective analysis found transtracheal cannula use to be the major independent risk factor for complications during jet ventilation for interventional microlaryngoscopy. 12 It is likely, however, that the use of automated HFJV can significantly mitigate these risks. 6 This approach of placing a transtracheal cannula in the awake patient forms part of a strategy in those with significant laryngeal pathology and upper airway obstruction secondary to tumour/oedema. It provides an in-place backup route for oxygenation if the initial plan for securing the airway fails or causes deterioration. Furthermore, if the laryngeal inlet is distorted or not identifiable at laryngoscopy, escape of gas back through the cords during transtracheal jet ventilation may aid location of the glottis and ETT passage.
Spontaneous ventilation
Maintaining spontaneous ventilation (SV) preserves a patient's negative intrathoracic pressure, making it particularly beneficial in pathologies below the larynx, such as tracheal disease or the management of an inhaled foreign body, where paralysis can lead to a decrease in patency of the lower airway. Maintenance of SV drive is the technique of choice for tubeless field surgery without HPSV and in cases where the surgeon wants to perform a dynamic and functional assessment of the glottis, including evaluation of vocal cord movement and supraglottic collapse. Low-flow oxygen can be delivered nasally or more distally via a narrow transglottic catheter (e.g. 8 Fr feeding tube). As this route provides unhumidified, unwarmed oxygen, the flow rate should be limited, with entrainment of air further reducing the delivered concentration.
Apnoeic oxygenation
Fully apnoeic tubeless techniques, though providing a completely motionless surgical field, are unfamiliar to many anaesthetists and can result in significant hypercarbia with potentially deleterious effects. 13 Offering an ideal view for the surgeon, it was previously limited to patients who could tolerate sustained apnoeic periods with low-flow oxygen delivery. However, with the advent of high-flow oxygenation, this apnoeic period has been shown to be significantly extended. 14, 15 Limitation in application includes patient groups with high metabolic states, such as the morbidly obese, in whom the apnoeic window is limited. Maintenance of even minimal spontaneous effort can abate small airways collapse in these patients, mitigate hypercarbia and, importantly, allow for early detection of upper airway obstruction. Small airways collapse due to obesity or airway obstruction can rapidly impair apnoeic oxygenation even with high-flow oxygenation and intermittent re-recruitment with bag-mask ventilation may be required.
High-flow oxygen delivery
High-flow nasal cannula allow for effective oxygenation as part of a tubeless technique, avoiding the risks associated with jet ventilation and providing superior gas exchange to low-flow techniques. 14, 15 This is particularly important for prolonged cases and high-risk patients. Ensuring unobstructed gas flow from the nasal passages to the glottis is key and upper airway patency should be continuously assessed and maintained throughout. The warming and humidification of inspired gases aids muco-ciliary clearance and increases patient comfort. ETCO 2 monitoring is unavailable with this approach though transcutaneous monitoring has been described 14 or arterial blood sampling if indicated.
Delivery of high FiO 2 for prolonged periods is not without risk as a combination of nitrogen washout and rapid alveolar oxygen absorption can lead to alveolar collapse and absorption atelectasis, even after relatively brief periods of therapy. 16 However, in most patients, the oxygenation benefits are self-evident and its use extends to preoxygenation, high-risk intubations (see Online video 1), and extubations.
Laser airway surgery
Lasers are commonly used in laryngo-tracheal surgery with carbon dioxide laser excision often regarded as the treatment of choice for a variety of procedures including cordotomy, management of tracheal stenosis, and resection of many centralized airway malignancies. As with all surgical laser use, there are risks of damage to surrounding healthy tissue, airway and nonairway fire, and potential injury to the theatre team. To minimize these risks, all staff members involved should be familiar with safety principles and relevant management algorithms. 17 In addition to the transglottic catheters mentioned, a number of special-purpose laser-resistant ETTs are available. Laser-Flex designed to be inflated with saline in the event that the upper cuff is struck by the laser beam (Fig. 2C) . The Bivona Fome-Cuf maintains this tube security using a sponge cuff. The rigid thick outer walls of both devices limit the internal diameter, result in higher driving pressures, can necessitate a pre-loaded stylet for intubation, and can cause mucosal damage in the oropharynx and at the lips. It is pragmatic to remove these ETTs prior to emergence to avoid discomfort.
Conduct of anaesthesia
Airway topicalization
Topicalization of the upper and lower airway mucosa with LA is an important component of anaesthesia for airway surgery. This can be performed as an integral part of awake airway management or as an adjunct of GA. In many centres, including our own, 4% lidocaine is used almost exclusively for this purpose. A maximum safe dose should be calculated pre-administration, using ideal body weight (IBW) in obese patients. Although there is no consensus regarding the maximum safe dose of lidocaine delivered to the airway, a ceiling of 8 mg/kg should provide safe and effective topicalization. 18, 19 This accounts for the proportion of drug that is swallowed and the effect of vasoconstrictor in concomitant nasal preparations, such as Otrivine and Co-phenylcaine. There are several methods of applying topical LA, but few are superior to application using a malleable atomizer, such as the MADgic device (TeleflexV R ). This provides a combination of direct application and essentially nebulized delivery to the distal airway, facilitated by coordinating with deep inspiratory efforts. This can be further enhanced by the concurrent use of HFNC (see Online video 1). A Tuohy catheter passed via a flexible fibrescope suction channel can also be utilized. Topicalization supplements GA, lessens the response to instrumentation, reduces coughing, enhances analgesia, and can limit the incidence of laryngosopasm at extubation. For SV methods, where muscle relaxation is avoided, careful and effective topicalization is essential for a successful technique.
Delivering anaesthesia
Inhalational induction was traditionally the technique of choice in patients with significant airway pathology; however, many now favour an intravenous approach either by bolus or total intravenous anaesthesia (TIVA) infusion using propofol and low-dose remifentanil. Inhalational induction is becoming less familiar, has limited potency (with sevoflurane), has a tendency to exacerbate upper airway obstruction which compounds delivery of anaesthesia, 1 and lacks reversibility in the event of this obstruction. Volatile anaesthetic maintenance for head and neck surgery can be routinely implemented when a standard ETT is in situ. However, TIVA maintenance provides the benefit of separating the airway from anaesthetic delivery, provides excellent conditions for shared airway surgery, and is essentially a prerequisite when performing tubeless field techniques.
Extubation
The likelihood of a 'high-risk' extubation 20 in laryngo-tracheal surgery is greatly increased owing to the pathologies involved and the surgery performed. This should be discussed at the prelist brief and readdressed towards the end of surgery. In a minority of patients, extubation may be deemed inadvisable and the decision thereafter is limited to extended intubation or a tracheostomy. The alternative is an advanced exubation technique, such as laryngeal mask airway exchange, the use of remifentanil to facilitate smooth extubation, or an airway rescue device left in place (e.g. airway exchange catheter, cricothyroid cannula 20 ). It is critical to choose an appropriately safe postoperative venue for observation of the airway and a clear strategy for airway rescue.
Conclusions
Lessons learned from airway anaesthesia in the past decade centre around regular staff education of technical and nontechnical skills.
1,2 Advanced techniques providing tubeless field anaesthesia are used infrequently by anaesthetists outside of tertiary head and neck centres and so require appropriate specialist training prior to unaccompanied clinical practice. Given the additional inherent dangers associated with surgery in and around the glottis and trachea, the practicalities of the techniques discussed in this article should ideally be taught to all anaesthetic staff (via manikin simulation, clinical practice, and equipment training) and updated regularly.
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